Although respiratory symptoms, including wheezing, are common in preterm-born subjects, the natural history of the wheezing phenotypes and the influence of early-life factors and characteristics on phenotypes are unclear. Participants from the Millennium Cohort Study who were born between 2000 and 2002 were studied at 9 months and at 3, 5, 7, and 11 years. We used data-driven methods to define wheezing phenotypes in preterm-born children and investigated whether the association of early-life factors and characteristics with wheezing phenotypes was similar between pretermand term-born children. A total of 1,049/1,502 (70%) preterm-born children and 12,307/17,063 (72%) term-born children had recent wheeze data for 3 or 4 time points. Recent wheeze was more common at all time points in the preterm-born group than in term-born group. Four wheezing phenotypes were defined for both groups: no/infrequent, early, persistent, and late. Early-life factors and characteristics, especially antenatal maternal smoking, atopy, and male sex, were associated with increased rates for all phenotypes in both groups, and breastfeeding was protective in both groups, except late wheeze in the preterm group. Preterm-born children had similar phenotypes to term-born children. Although early-life factors and characteristics were similarly associated with the wheezing phenotypes in both groups, the preterm-born group had higher rates of early and persistent wheeze. However, a large proportion of preterm-born children had early wheeze that resolved with time.
Due to increased respiratory symptoms and lower attainment of peak lung function in preterm-born children, there have been concerns that they might be at risk of premature development of chronic obstructive pulmonary disease (1) . Although it has been established that very preterm-born children, born at <32 weeks' gestation, have longer-term lung function deficits (2) , especially if they develop bronchopulmonary dysplasia in infancy (also called chronic lung disease of prematurity (3)), it is increasingly recognized that even those born late preterm (33-36 weeks' gestation) have lung function deficits (4, 5) . Two recent longitudinal studies have reported that lung function declines with age (6, 7). Doyle et al. (6) reported the longitudinal outcomes at 8 and 18 years of life of infants born at <28 weeks' gestation or <1,000 g in a cohort born after surfactant was introduced. Deficits in lung function increased between the 2 time points when compared with term controls. Simpson et al. (7) studied children born at ≤32 weeks' gestation in early and mid-childhood and again reported declines in lung function between the 2 time points, compared with term controls. Respiratory symptoms are also increased, showing a gradient of increasing wheeze with increasing prematurity (8, 9) . Even those born early term (37) (38) weeks' gestation) have greater respiratory symptoms than children born at 39-40 weeks' gestation (10, 11) .
In asthma, a complex heterogeneous disease, a number of wheezing phenotypes have been described based on wheezing patterns over time (12) (13) (14) (15) . It is important to accurately define wheezing phenotypes, because some, such as persistent wheeze, are associated with longer-term decrements in lung function; furthermore, different underlying mechanisms or endotypes might be associated with the different wheezing phenotypes (12, 14, 16, 17) . After preterm birth, it has been assumed that long-term respiratory outcomes are the consequence of dysregulated lung growth (18, 19) and neonatal treatment, with early wheezing in infancy persisting into adulthood without those individuals ever reaching optimal lung function (1). Simpson et al. (7) studied respiratory symptoms from early to mid-childhood, and symptoms remained consistent. However, thus far, no longitudinal studies have, to our knowledge, reported on the wheezing phenotypes in preterm-born children. Wheezing phenotype studies have included preterm-born children in their cohorts but have not specifically examined them (13, 14, 20) . In addition, the association of early-life factors and characteristics with wheezing phenotypes in preterm-born children is unclear. We postulated that preterm-born children differ from term-born children because they are born at an earlier stage of lung development and might have greater noxious exposures in early life (e.g., to supplemental oxygen, mechanical ventilation, and neonatal infections, among other exposures) compared with term-born children. Wheezing illnesses are heterogeneous in early childhood, and only some are associated with asthma in later life. Therefore, asthma and wheezing cannot be segregated. Although we know some of the long-term consequences of preterm birth, there might be other endotypes that are important in the development of wheezing illnesses in this population. It is important to identify these associations, because this could potentially lead to the identification of preterm-born children at risk of the different wheezing phenotypes. If any early-life factor or characteristic is modifiable, then long-term respiratory symptoms might be modifiable. Therefore, using a well-established cohort, we: 1) defined the different wheezing phenotypes in preterm-born children, comparing results with term-born children; and 2) identified and compared the association between early-life factors and characteristics and the different wheezing phenotypes in the termand preterm-born groups separately.
METHODS

Millennium Cohort Study
The Millennium Cohort Study (MCS) is a cohort of 19,517 children born in the United Kingdom between 2000 and 2002, as previously described (21, 22) . The data for all MCS sweeps is available to download from the UK Data Service (23) . All data were collected at face-to-face interviews as described in Web Appendix 1 (available at https://academic.oup.com/aje). At 9 months of the child's age, data were collected on pregnancy, birth and early-life factors, and characteristics and at 3, 5, 7, and 11 years of age on respiratory symptoms (including "wheeze-ever" and "recent wheeze," defined as parental reporting of wheezing or whistling in the chest in the previous 12 months). Recruitment, ethical approval, and parental consent were obtained as described previously (24) .
Statistical analyses
Preterm-and term-born were defined as birth at <37 and ≥37 weeks' gestation, respectively. Birth-weight z scores were calculated using the LMSgrowth program (25) , correcting for gestation and sex. Intrauterine growth restriction (IUGR) was defined as <10th centile for birth weight, corrected for sex and gestational age (26, 27) . Demographic factors and wheezing symptoms were compared between the preterm and term groups using independent sample t tests or χ 2 tests. Wheezing phenotypes were derived from respiratory symptoms reported on at least 3 occasions. Latent GOLD (Statistical Innovations, Boston, Massachusetts) was used to estimate latent class cluster models by data-driven methods, as described in Web Appendix 1. The class posterior probability was used to assign each wheezing pattern to the class of wheezing phenotype that it had the highest probability of belonging to, using the probabilities specified by the Latent GOLD analysis. Demographic factors for the different wheezing phenotypes were compared using analysis of variance or χ 2 tests. Using cases with complete data for the early-life factors and characteristics for both the preterm group and the term group, we conducted a multinomial logistic regression with wheezing phenotype as the outcome variable, using the no/infrequent-wheeze class as the reference group. Early-life factors and characteristics that have been reported to have a direct association on preterm birth or on later wheezing were chosen (Web Figure 1) (28) (29) (30) (31) . All the parameters were included in an initial multivariable model, and only the parameters with a suggestive evidence of association based on a threshold of P < 0.1 were included in the final multivariable model.
Analyses were performed using Latent GOLD, version 5.1 (Statistical Innovations), and PASW 20 (SPSS Inc., Chicago, Illinois). Table 1 compares included preterm-and term-born children. Included preterm-born children had lower birth weight and gestational age, were less likely to be breastfed, and had fewer siblings and lower rates of formal childcare than included term-born children. However, they had higher rates of IUGR, cesarean delivery, neonatal unit admissions, hospital stays, asthma diagnosis, and antenatal maternal smoking, and the body mass index of a larger percentage of mothers of preterm-born children was outside the normal range, compared with mothers of term-born children. Socioeconomic status was similar.
RESULTS
From
A total of 794 (75.7%) and 255 (24.3%) of preterm-born children and 9,526 (77.4%) and 2,781 (22.6%) of term-born children had wheezing data at all 4 or at 3 time points, respectively. Recent wheeze was more common at all time points in the preterm-born group than in the term-born group, although the association was weaker at 11 years (Table 2 ). In general, there was a gradient, with odds ratios for recent wheeze increasing with decreasing gestation (Web Table 2 ). Table continues Four phenotypes were defined, as shown in Figure 1 (see Web Appendix 1 for their derivation):
• No wheeze/infrequent wheeze: no or infrequent wheezing through the 4 time points. Wheezing at none of the time points or at 1 time point only.
• Early wheeze: wheezing reported at 3 years of age and disappearing by 7 or 11 years of age.
• Persistent wheeze: wheezing that persisted throughout the study period.
• Late wheeze: no wheeze reported before the age of 7 years but developing at age 7 years or beyond. Table 3 compares the wheezing phenotypes between the preterm-and term-born children. Preterm-born children were more likely to develop early wheeze (odds ratio = 1.6, 95% confidence interval: 1.3, 1.9; P < 0.001) and persistent wheeze (odds ratio = 1.6, 95% confidence interval: 1.3, 1.9; P < 0.001) but not late wheeze (odds ratio = 1.0, 95% confidence interval: 0.7, 1.5; P = 0.90) when compared with term-born children. Although most demographic characteristics were similar between the different wheezing phenotypes (Web Table 3 ), birth weight, gestational age at birth, antenatal maternal smoking, neonatal unit admissions, length of hospital stay, asthma diagnosis, maternal atopy, and child's atopy were different between 2 . k The total number of term children with data was 12,285. l The total number of preterm children with data was 1,038. The total number of term children with data was 12,183. m The total number of preterm children with data was 1,043. The total number of term children with data was 12,183. the wheezing phenotypes, although differences for gestational age were marginal. Furthermore, antenatal smoking and neonatal unit admission were highest in the late-wheeze group; antenatal smoking was lowest in the persistent-wheeze group; and length of hospital stay was highest in the early-wheeze group. Atopy and asthma diagnosis were highest in the persistent-wheeze group. Next, all early-life factors and characteristics were included in an initial multinomial model, and only those suggestive of an association were included in the final multinomial model for preterm (Table 4 ) and term groups (Table 5) . Preterm-and term-born children who were exposed to antenatal maternal smoking, were male, or who had atopy had higher odds ratios for all the wheezing phenotypes. Formal childcare was associated with higher odds ratios for early wheeze in both pretermand term-born children. The association between term-born children and antenatal maternal smoking was stronger, but the odds ratios were generally low. The strongest association for atopy for both preterm-and term-born children was with persistent wheeze. Preterm children born at 24-32 weeks' gestation had higher odds ratios for all the wheezing phenotypes. The 24-32 weeks' gestation band had higher odds ratios for all phenotypes compared with the 33-34 weeks' gestation group. Preterm children born with IUGR had higher odds ratios for all the wheezing phenotypes. However, IUGR in term-born children led to a slightly increased risk of early and persistent wheeze but a lower risk of late wheeze. Maternal atopy was associated with higher odds ratio for persistent wheeze in the preterm group and higher odds ratios for all wheezing phenotypes in term-born children. Breastfeeding in pretermborn children was weakly associated with lower odds ratios for early and persistent but not late wheeze, which had a higher odds ratio; in term-born children, breastfeeding was weakly associated with lower odds ratios for all the wheezing phenotypes. The small numbers in the mother's age bands and mother's body mass index groups made it difficult to interpret the results. In term-born children, only cesarean delivery, exposure to damp, or having siblings were weakly associated with an increased risk of early and persistent wheeze.
DISCUSSION
Using a well-established cohort with longitudinal data, we noted that rates of recent wheeze in preterm-born children, when compared with term-born children, were higher at each time point (although the association was weaker at 11 years), as previously reported (8, 32) . We also defined 4 wheezing phenotypes as recently reported in largely term-born children in the MCS (33) . The odds ratios for early and persistent wheeze were greater in the preterm group, but late wheeze was similar in both groups. Early-life factors and characteristics, especially antenatal maternal smoking, atopy, and male sex, were associated with wheezing phenotypes in both preterm and term groups, and breastfeeding was associated with decreased rates of wheezing phenotypes in both groups, except for late wheeze in the preterm-born children, although the magnitude of association according to various early-life factors and characteristics varied between the groups. However, prematurity was associated with higher rates of wheezing in the early and persistent groups but not the late-wheeze group, suggesting that delivery at an early stage of lung development is a risk factor for the development of certain wheezing phenotypes.
In line with previous reports (8), we also noted a higher rate of recent wheeze among preterm-born children than among termborn children, although there was similar development of wheezing phenotypes in both groups. It has been assumed that respiratory symptoms and lung function deficits commence in infancy and continue into later life, given the accepted concept of tracking of lung function (34) . This concept is perhaps not surprising given the delivery of preterm infants at an early stage of lung development (19) . It has been assumed that postnatal lung growth and development, especially with exposure to noxious substances such as supplemental oxygen therapy (35) , is abnormal, placing these children at future risk of chronic obstructive pulmonary disease (18) . We noted that the majority of pretermborn children commenced their respiratory symptoms in early childhood, but there was a group who had late wheeze comparable to term-born children. The group of very pretermborn children had a higher risk of all the wheezing phenotypes. Encouragingly, early wheeze was ameliorated among more than half of the children. Taken together, these data suggest that wheezing in preterm-born children is a heterogeneous disease process in which continuing growth and remodeling of the airways and parenchyma in childhood results in decreased symptoms in many (36) . Because some wheezing phenotypes in largely term-born children are associated with lung function deficits (especially persistent wheeze) (12, 14, 16, 17) , it will be important to investigate whether similar lung deficits are associated with particular wheezing phenotypes among preterm-born children. As suggested for asthma, the underlying mechanisms or endotypes (37, 38) and responses to treatment might be different for each wheezing phenotype in preterm-born children, although treatment for prematurity-associated wheeze remains uncertain (39) . We had anticipated that wheezing would be persistent in very preterm-born children, especially given that many of these infants are exposed to noxious substances (35) . However, we were surprised to note similar gestational age between the different phenotypes. Because we did not have comprehensive early neonatal data, we were unable to determine whether earlylife factors and exposures could be associated with the development of a particular wheeze phenotype. Nevertheless, the combination of these factors often results in development of bronchopulmonary dysplasia in infancy/chronic lung disease of prematurity, which is associated with greater respiratory symptoms and lung function decrements (2) .
When only the early-life factors and characteristics were investigated, similar associations were observed between antenatal maternal smoking, formal childcare, male sex, and child's atopy and the wheezing phenotypes in both groups. Differences, albeit marginal, were observed for IUGR, breastfeeding, cesarean delivery, having siblings, exposure to damp, and maternal atopy and the wheezing phenotypes for preterm-and term-born children. All wheezing phenotypes in both groups were associated with atopy, but the association was greatest for persistent wheeze in both groups. Similar observations have been made for phenotypes in a birth cohort of mainly term-born children (14) , and a systematic review reporting factors predicting persistence of early wheeze noted that atopy was among the most frequently identified factors (40) .
Wheezing phenotypes have been described in cohorts of mainly term-born children (12) (13) (14) (15) . Our observations suggest that prematurity is also associated with differing phenotypes, with some that resolve or decrease in prevalence (early), continue (persistent), or develop later (late). Caudri et al. (41) reported additional risk factors associated with the wheezing phenotype; interestingly, cesarean delivery was not associated. This is in line with our recent study reporting that cesarean delivery was not strongly associated, but the relative immaturity of the early-term born infant was important (10) . However, we did observe an association between cesarean delivery and early and persistent wheeze in term-born children.
Modeling for the preterm-born children showed only that child's atopy and antenatal maternal smoking were associated with an increased risk of all the wheezing phenotypes. This is in line with an analysis of 8 birth cohorts containing term-and preterm-born children, which concluded that there was an increased risk of wheeze and asthma among children who were exposed to maternal smoking during pregnancy but were not exposed after birth (31) . In addition to the associations of in utero smoke with the child's lung development, maternal smoking leads to a higher rate of preterm-birth (42) . A study of mainly term-born children suggested that inherited factors are a primary cause of late-onset persistent wheeze. However, environmental exposure in early life might combine with inherited factors, resulting in early-onset persistent wheeze (30) . Another study identified some modifiable factors in infancy, such as household dampness and breastfeeding (29) . The strength of the present study is the inclusion of a large number of preterm-born children with longitudinal data. We did not, however, have comprehensive early neonatal data, formal allergen testing, or lung function measures that would have enabled association of lung function deficits with particular wheezing phenotypes as observed in term-born children (43) . A limitation of the present study is that early neonatal data were not available for the preterm group, including the need for mechanical ventilation, surfactant treatment, development of bronchopulmonary dysplasia in infancy, and length of oxygen supplementation, especially given that these factors could potentially have been relevant to the types of wheezing phenotype that the preterm-born child might have developed. A limitation of this prospective study is that the wheeze data is selfreported. However, the questions used are taken from the International Study of Asthma and Allergies in Childhood (44) . The questionnaire is a widely used, well-respected, and validated questionnaire. Jenkins et al. (45) reported that the questionnaire showed high agreement with doctor-diagnosed asthma symptoms. Shaw et al. (46) also validated the questionnaire and reported that it was effective in measuring the prevalence of bronchial hyperresponsiveness. Investigators in Brazil concluded that the asthma section was reproducible and could separate out asthmatic individuals and controls (47) . In agreement, Finnish investigators reported that the International Study of Asthma and Allergies in Childhood questionnaire was highly validated (48) . Loss to follow-up was a further limitation.
In conclusion, to our knowledge, we have defined wheezing phenotypes for preterm-born children for the first time. Encouragingly, a large proportion of preterm-born children have early wheeze that improves with age, although this might not be true for very preterm-born children, as reported in some other studies. Early-life factors and characteristics appeared to have similar associations with wheezing phenotypes in both preterm and term groups. However, the odds ratios were greater in the preterm group, especially for early and persistent wheeze. The underlying mechanisms of why preterm-born children develop lung disease are unclear, but for both groups it is clear that the avoidance of risk factors, such as antenatal maternal smoking, or the exposure to beneficial factors, such as breastfeeding, is important.
